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CH4 and CO2 to the environment apart 
from methane being wasted.[5,6] Hence, 
direct conversion of methane to ethylene 
is highly desired due to ethylene’s use as 
a building block for valuable commodity 
chemicals, in a wide variety of chemical 
industries.[7,8] Current technology for pro-
ducing ethylene primarily centers around 
naphtha steam-cracking, employing high 
temperature steam-cracking process as a 
primary method (>750 °C), which incurs 
large energy losses and produces signifi-
cant amounts of CO2.[3,9,10] Direct catalytic 
conversion of methane to ethylene allows 
for skipping of multiple steps that must 
be completed during steam cracking. For 
example, direct nonoxidative coupling 
of methane (NOCM) features methane 
coupling without requiring an oxygen 
source into ethylene and aromatic com-
pounds.[11,12] However, NOCM requires 
high operating temperatures and suffers 
from ill-defined catalyst mechanisms and 
significant coke formation.[9] Low tem-

perature oxidative coupling of methane (OCM), pioneered by 
Keller and Bhasin in 1982, considers methane coupling at tem-
peratures around 750 °C in low O2 (or other oxidizing agents) 
gas environments on a catalyst surface.[13] Under OCM condi-
tions, methane coupling to a partial oxidation product such 
as ethylene is thermodynamically feasible, although further 
oxidation products like CO and CO2 are even more favorable. 
In addition, reaction between the desired product, C2H4 and 
oxygen to produce CO2 (−1294 kJ mol−1 at 800 °C) is far more 
energetically facile in comparison to methane oxidation to pro-
duce CO2 (−800  kJ mol−1 at 800 °C) predicted from HSC cal-
culations (Figure S1, Supporting Information) (collected using 
HSC Chemistry version 10.0.5.16 software from Outotec). 
Hence difficulty in achieving ethylene selectivity has remained 
an issue for OCM.[14–16]

A novel method attempting to circumvent the overoxidation 
of methane to CO2 is the electrochemical oxidative coupling of 
methane (E-OCM).[17–19] The fine-tuning of potential within an 
electrochemical cell allows for the regulation of oxide ion flux 
from cathode to anode across the electrolyte material. Further, 
the extent of oxidation can also be manipulated by the applied 
bias. Thus E-OCM can theoretically help achieve the partial 
oxidation of methane to ethylene using oxide-ion conducting 
electrolytes while restricting the overoxidation to undesirable 
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1. Introduction

Efficient on-site conversion of methane to value-added chemi-
cals such as ethylene and higher hydrocarbons is an active area 
of research as many recent discoveries of natural gas reserves 
made methane a cheap source of energy with an estimated 
reserve volume of 215 trillion cubic meters worldwide.[1–3] Due 
to these new discoveries, methane prices have dropped from 
$7–9 USD per million BTU in 2008 to roughly $2 USD per mil-
lion BTU in 2020. Readily available amounts of natural gas have 
risen over 30% in the past 20 years, although transporting it to 
retail locations remains challenging.[4] Difficulties in transporta-
tion of natural gas has resulted in onsite venting and flaring 
of methane, which results in the release of greenhouse gases 
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products like CO and CO2. To this end, we recently demon-
strated using an Fe-doped strontium molybdate (SFMO) perov-
skite catalyst where selective partial oxidation to ethylene is  
preferred at a specific electrochemical window during 
E-OCM.[18] Nevertheless, SFMO materials suffered from poor 
chemical stability under the operating conditions of E-OCM 
as strontium formed strontium carbonate upon exposure to 
methane along with significant coke formation. This is a major 
challenge for many newly developed electrolyte and electrocata-
lyst systems under high temperature operations as redox sta-
bility is essential for durable operation of these devices.[20–27] Fe 
and Mg codoped BaMg0.33Nb0.67−x FexO3−δ (BMNF) perovskite 
material has been demonstrated to resist the carbonate forma-
tion under CO2 environments at elevated temperatures.[28] Fur-
ther, Fe is incorporated in the crystal lattice and hence should 
resist coke formation unlike Fe–O based catalyst systems that 
form carbide and coke in carburizing environments.[29] This is 
highly relevant for E-OCM, which involves exposure to CH4, 
and CO2 at elevated temperatures.

Hence, we tested this material for chemical stability and 
E-OCM conversion with three different iron doping levels  
(x  = 0.33, 0.25, and 0.17 (BMNF33, BMNF25, and BMNF17, 
respectively)). Specifically, we exposed these powders to pure 
methane at temperatures up to 925 °C and studied their 
powder X-ray diffraction (PXRD) patterns before and after 
exposure. Electrochemical measurements were carried out in 
a home-made button cell set up. For electrochemical measure-
ments, BMNF with varying Fe content in combination with  
Gd-doped Ceria (GDC) in a 65:35 ratio was used as the anode 
while Sr2Fe1.5Mo0.5O6−δ (SFMO) mixed with GDC in 65:35 ratio 
was used as the cathode. La0.9Sr0.1Ga0.8Mg0.2O3−δ (LSGM) pel-
lets with a 0.9  mm thickness and 20  mm diameter were uti-
lized as the electrolyte. E-OCM measurements were carried out 
at 850 and 925 °C at methane flow rates of 100 SCCM to the 
anode and O2 flow rates of 100 SCCM to the cathode. Silver 
mesh and gold wires were used as current collectors. Electro-
chemical measurements were also carried out in 4% H2 bal-
anced in N2 for comparison purposes.

2. Results and Discussion

2.1. Stability Measurements on BaMg0.33Nb0.67−x FexO3−δ

One of the major challenges for many metal oxide electrodes 
studied for E-OCM is their chemical stability in carbon-rich 
environments under high operating temperatures relevant for 
E-OCM. Hence, investigating the crystallinity of the prepared 
BMNF materials before and after exposure to methane at ele-
vated temperatures is key in assessing the likelihood of the 
perovskite to maintain its structure in highly reducing methane 
environments. The current operating temperatures for the elec-
trochemical oxidative coupling cells may reach as high as 925 °C  
for testing purposes, with durability tests being done at a 
maximum of 925 °C for multiple days. However, we want to 
note here that reducing the operating temperature to as low as  
600 °C is increasingly sought after in recent times. We exposed 
all three prepared BMNF compositions (x = 0.17, 0.25, and 0.33) 
to methane in a thermogravimetric analysis (TGA) set up and 

analyzed them through PXRD before and after exposure to CH4. 
TGA in air environment is also recorded for comparison pur-
poses. PXRD patterns obtained for as-prepared BMNF powders 
are shown in Figure 1a, which clearly displays the formation of 
cubic perovskite structure with a space group = Pm3m (No. 221) 
in agreement with previous reports.[28] However, with higher Fe 
doping as in BMNF33, we observed impurity peaks at 2θ values 
of 27° and 34°. Hence, we did not prepare compositions with 
higher Fe doping. The impurity peaks could be attributable to 
MgO and Mg2Fe2O5. Nevertheless, with the incorporation of 
smaller Fe3+ ions over Nb5+, the peak positions shifted towards 
higher 2θ values as expected from their Shannon ionic radii 
(Figure S2, Supporting Information).[28] TGA measurements 
carried out in air in the temperature range of 25 to 900 °C did 
not show any significant weight change with a maximum weight 
loss of 0.4% observed for BMFN33 after holding at 900 °C  
for 1 h (Figure  1c). This could be due to some lattice oxygen 
lost in equilibrating with its environment. TGA measurements 
under similar heating conditions in pure CH4 environment 
showed similar weight changes with a maximum weight gain 
of 1.75% observed for BMNF25 while BMNF33 showed a max-
imum weight loss of 1% at 900 °C (Figure 1d). The marginally 
higher weight loss under CH4 environment (1% in CH4 vs 0.4% 
in air) could be due to the lattice oxygen on the exposed surface 
reacting with methane and as a result leaving the crystal struc-
ture. The lack of weight gain indicates the possible lack of coke 
formation during the TGA measurements. SFMO powders 
under similar operating conditions showed a weight gain of 
about 40% to 60% that was associated with significant coke for-
mation and crystal structure collapse.[18] To investigate any pos-
sible change to crystal structure, we analyzed the CH4 exposed 
powders in PXRD. As shown in Figure 1b, the cubic perovskite 
structure is retained in all three samples and do not show any 
new peak formation or change in the peak positions associated 
with the cubic perovskite structure. Interestingly, the impurity 
peaks observed in the as-prepared BMNF33 also retained their 
position and relative intensity after exposure to methane in the 
TGA set up. The ratio between peaks in both as-prepared pow-
ders and CH4 exposed samples remained the same indicating 
the complete crystallinity retention. Thus, PXRD measure-
ments in combination with TGA provide the first evidence of 
significant chemical stability for the BMNF material in E-OCM 
operating conditions. This is in complete contrast to the SFMO 
powders that formed SrCO3, SrMOx, and MoOxCy upon expo-
sure to methane under similar operating conditions.[18] Similar 
to SFMO, the expected reactions for the constituents of BMNF 
perovskites such as Ba and Mg upon exposure to methane 
was the formation of carbonates such as BaCO3, and to some 
extent MgCO3 as shown in Figure S3 of the Supporting Infor-
mation along with agglomeration of carbon (coking) on the 
surface that would result in significant weight gain. This was 
seen in our work on Sr2Fe1.5Mo0.5O6−d (SFMO) where up to 
60% weight gain was observed in TGA under methane environ-
ment along with a complete disintegration of its crystal struc-
ture. However, the cubic BMNF perovskite material showed no 
significant weight change along with complete retention of its 
crystal structure as observed from Figure 1a–d. The stability of 
the BMNF structure in methane environment is important due 
to the constant methane supply to the electrode, and evolution 
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of carbon products such as C2H4, CO, and CO2 during OCM 
and E-OCM processes. High temperature operations render 
carbonate formations on Mg oxide surface as unfavorable, but 
unless E-OCM is being used to control the flux of oxide ions 
within the electrochemical cell, OCM may nevertheless lead 
to the formation of BaCO3 (Figure S3, Supporting Informa-
tion). As previously shown, the Gibbs free energy of reaction 
for CO2 is ΔGR  ≈  −800  kJ mol−1 throughout the temperature 
range being tested (800–900 °C) and would be the dominant 
product if the reaction is not controlled specifically to produce 
partial oxidation product such as ethylene by oxide ion flux and 
applied potentials.[18] To understand this, we carried out tem-
perature programmed reaction measurements where first we 
exposed the BMNF25 powder to a gas mixture containing 95% 
CH4 and 5% O2 and analyzed the exposed powder for BaCO3 
and coke formation while the outlet stream was analyzed by 
mass spectroscopy (Figure 2).

2.2. Temperature Programmed Reaction of CH4 and O2  
on BMNF

Temperature programmed reaction (TPR) measurements under 
gas mixtures of CH4 and O2 on a catalyst surface will help eval-
uate the onset temperature of catalytic activity of a new catalyst 
toward oxidative coupling of methane and provide information 
about the product distribution. Our TPR measurements were 
taken by passing a mixture of 95% CH4:5% O2 at a flow rate of 
100 SCCM and a heating rate of 5 °C min−1 to 925 °C followed 
by a hold at 925 °C for 1 h. We previously reported TPR meas-
urements on SFMO under three different CH4 to O2 ratio (100% 
CH4, 95% CH4:5% O2, and 90% CH4:10% O2) which revealed 
maximum coke formation (100% weight gain) under the 95% 
CH4:5% O2 mixture. SFMO perovskites showed coke formation 
to start at 800 °C along with other products such as CO, CO2, 
H2, and small quantities of ethylene.[18] Mass spectra analysis on 

Figure 1.  a) PXRD patterns obtained for the as-prepared BMNF materials with various Fe doping and b) PXRD patterns of BMNF materials after 
exposure to pure methane at 900 °C, c) TGA plots obtained for the as prepared BMNF powders in an air atmosphere, and d) TGA plots obtained 
for BMNF powders in pure methane atmosphere. The TGA curves in solid indicate the heating direction and curves in dots indicate the cooling 
response.
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the outlet stream of TPR measurements obtained with BMNF33 
is given in Figure 2, where the onset of ethylene production 
starts at temperatures as low as 600 °C and reaches the max-
imum in the temperature range of 750–800 °C. One of the most 
studied catalyst for OCM reaction, Mn–Na2WO4, is reported to 
show methane conversions at 800 °C at a much higher CH4 
to O2 ratio.[30,31] Hence, a much lower onset temperature of 
600 °C for BMNF33 indicates significant potential for reducing 
the OCM operating temperatures. Interestingly, the contribu-
tion from CO and CO2 is comparatively smaller than that of 
ethylene in this temperature range. However, further increase 
in temperature results in increased CO production. This could 
be due to a multitude of factors. For example, at ≈900 °C,  
the dry reformation of methane (CH4  + CO2  = 2CO + H2)  
becomes the thermodynamically preferred reaction that could 
explain the rise in CO and H2 concentration while that of eth-
ylene and CO2 decrease.[32] Further, ethylene is more reactive 
than methane in general and the decline in ethylene concentra-
tion could also be due to possible reaction between produced 
ethylene and oxygen leading to increased CO production. For 
comparison, we ran a bare tube measurement with no catalyst 
in the temperature range of 25–900 °C. As shown in Figure S4 of 
the Supporting Information, no gas phase reactions take place 
till the temperature reached ≈875 °C. At 900 °C, the product 
stream is dominated by H2O, CO, and H2 with smaller con-
tributions from ethylene and CO2. HSC calculation involving 
95% CH4 and 5% O2 in the investigated temperature range 
is shown in Figure S5 of the Supporting Information, which 
indicates the CO to be the major product at temperatures above  
600 °C although this process could be kinetically limited. The 
above provided results clearly indicate the catalytic activity of 
BMNF perovskites to activate methane toward ethylene pro-
duction with higher selectivity in the temperature range of  
600–800 °C. The carbon atom balance during the TPR meas-
urement is close to 100% reiterating the lack of coke forma-
tion with this catalyst. A maximum conversion of 12.5% and 
a selectivity of 50.3% were observed from BMNF33 catalyst at  
800 °C. The weight gain measurements carried out on the 
sample before and after TPR measurements did not reveal any 
weight gain further indicating the absence of coking.

2.3. Electrochemical Properties of BMNF Materials

After establishing the chemical stability of BMNF perovskite 
and its catalytic activity toward methane activation through 
TGA, PXRD, and TPR measurements, we carried out elec-
trochemical characterization of the BMNF perovskites. The 
conductivity plots obtained for the three BMNF pellets via elec-
trochemical impedance measurements are given in Figure 3a 
where a maximum conductivity of 17 mS cm−1 was obtained for 
BMNF33 while that observed for BMNF17 is only 7 mS cm−1. 
The parent BaMg0.33Nb0.67O3−δ showed a negligible conductivity 
in the entire investigated temperature range despite aliovalent 
Mg doping on Nb sites. E-OCM measurements were carried out 
in a home-made setup with LSGM as electrolyte (0.9 mm thick-
ness and 20 mm diameter), 65:35 mixture of SFMO/GDC as the 
cathode and a 65:35 mixture of BMNF/GDC as the anode. The 
electrodes were brush painted on the LSGM pellet, before being 
sintered at 1175 °C to remove any impurities. LSGM was chosen 
for electrolyte as the SFMO tends to react with YSZ electro-
lyte.[33] Cyclic voltammetry (CV) measurements carried out on 
this cell using BMNF25 as the anode at a scan rate of 1 mV s−1  
in a wide potential window (−1.5 to 0.9 V against the air refer-
ence electrode) is shown in Figure S6 of the Supporting Infor-
mation while the magnified plot between −1.5 and 0.1 V is given 
in Figure 3b. The CV plots indicate clear catalytic activity toward 
methane activation at very low overpotentials near −0.75 V. The 
full window scan measured between −1.5  and 1.0  V shown in 
Figure S6 of the Supporting Information indicates a linear rise 
in current from 0.0  to 1.0 V that suggests a constant surge of 
oxide ions across the electrolyte that should aid the E-OCM pro-
cess. The CVs further indicate the durability of BMNF25 under 
these harsh E-OCM conditions as no significant change in 
peak intensity or shape is observed over 10 h of electrochemical 
cycling between −1.5  and 1.0  V. The CV measurements taken 
after two days of continuous operation remained nearly iden-
tical (Figure S7, Supporting Information) further emphasizing 
the durability of BMNF25. For comparison, SFMO-based elec-
trodes lost all characteristic peaks within few CV cycles.[18] CVs 
measured in 4% H2 are given in Figure S8 of the Supporting 
Information, which indicate none of the characteristic peaks 
in the −1.3 to −0.5 V region obtained in methane environment. 
This further demonstrates the role of BMNF25 material in 
specifically activating methane in a well-defined electrochem-
ical window. These peak position are similar to SFMO-based 
electrodes, which showed methane activation in the potential 
range of −0.75 to −0.5  V.[18] The outlet stream of the anode is 
analyzed continuously by mass spectroscopic measurements 
to understand the product distribution along with the role of 
applied bias on E-OCM. The CV results obtained for BMNF25 
as a function of time along with the mass spectroscopy results 
are presented in Figure  3c while that obtained for BMNF25 
under 4% H2 flow is presented in Figure S9 of the Supporting 
Information. The results clearly indicate the methane activation 
property of BMNF25 as ethylene and hydrogen are produced 
under pure CH4. Interestingly, the methane activation prod-
ucts such as ethylene, CO2, H2O, and H2 all reached their peak 
value at the maximum positive potential on the studied poten-
tial window, i.e., 1.0 V. This is in contrast to our previous results 
with SFMO-075Fe-based electrodes where, ethylene production 

Figure 2.  Mass spectroscopic plots obtained for the outlet stream during 
TPR measurements for the BMNF33 sample in the temperature range of 
25–925 °C under 95% CH4 and 5% O2.
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was peaked at −0.75 V in accordance with the methane activa-
tion peak in CV. This could possibly be due to the low conduc-
tivity of BMNF materials that has resulted in very low current 
densities at −0.75 V (>10 mA cm−2) in comparison to currents 
at 1.0  V (≈160  mA cm−2). The low currents could be due to a 
lower electronic conductivity of BMNF perovskites coupled 
with low surface area that is normally associated with high-
temperature solid state synthesis. For example, the maximum 
conductivity obtained for BMNF25 through electrochemical 
impedance measurements is 13 mS cm−1 at 900 °C, which is 
significantly lower than the conductivity of typical solid oxide 
electrode materials such as LSM, which is about 5.5 × 103 S m−1 
at 800 °C.[34] Chronoamperometric measurements on this cell 
once again showed quantifiable ethylene and hydrogen produc-
tion only at high positive applied potentials (Figure S10, Sup-
porting Information). A maximum ethylene production rate 
of 277.2 µmol cm−2 h−1 at a faradaic efficiency (FE) of 20% was 
observed at 1.0 V for this BMNF25-based cell while the FE for 
producing CO2 was 39%. This is about four times higher than 
the faradaic efficiency obtained with SFMO electrode at this 
potential, which produced mostly complete oxidation products 
such as CO2 and H2O. This result clearly indicates the propen-
sity of this material to produce ethylene even at high applied 
biases that tend to favor CO2 production. We could not satis-
factorily calculate the FE toward H2O production due to water 
condensing in the lines and its deteriorating effect on the mass 
spec instrument. While thermocatalytic activity inferred from 
TPR measurements indicated a methane activation tempera-
ture of about 600 °C, E-OCM results are obtained at 925 °C due 
to the low electrical conductivity of BMNF. Nevertheless, both 

measurements indicated a better selectivity towards ethylene 
despite different operating temperatures.

Interestingly, E-OCM measurements with the higher  
Fe-doped perovskite BMNF33 as the electrode resulted in com-
plete oxidation of methane and the product stream is domi-
nated with CO2 and H2O with significantly lower production of 
ethylene in comparison to both BMNF17 and BMNF25 based 
electrodes. The higher Fe doping in the BMNF33 could be a 
reason for this overoxidation of methane towards CO2. How-
ever, the impurities Mg2Fe2O5 observed in PXRD with BMNF33 
could also have played a role in the overoxidation although it is 
not clear at this point. CV measurements with BMNF33 in CH4 
indicate less defined peaks while in 4% H2 show no identifiable 
peaks (Figure S11a,b, Supporting Information) and mass spectra 
analysis of the outlet for BMNF33 electrode indicate complete 
oxidation products such as CO2 in comparison to BMNF25. 
Chronoamperometric measurements for BMNF33 once again 
indicated the complete oxidation products such as CO2 all indi-
cating the adverse impact of higher Fe doping. Nevertheless, 
BMNF perovskites showed remarkable chemical stability and 
maximum E-OCM activity was obtained with BMNF25. Further 
improvements in electrical conductivity as well as surface area 
are required for BMNF materials to fully utilize their methane 
activation properties toward ethylene production. For compar-
ison, we carried out E-OCM measurements with commercial 
LSM catalyst as anode and CVs obtained under CH4 and 4% H2 
are given in Figure S12a,b of the Supporting Information. Both 
CVs are featureless in comparison to BMNF25 electrode under 
both CH4 and 4%H2 environments, once again reaffirming the 
role of BMNF25 in activating methane.

Figure 3.  a) Conductivity data obtained for the three BMNF pellets in the temperature range of 600 to 900 °C. b) Cyclic voltammetry curves obtained 
for BMNF25 under CH4 cathode environment, and c) current and potential curves along with observed product stream as a function of time for the 
CV curve presented in Figure S6 of the Supporting Information.
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2.4. Mechanistic Analysis

The mechanism for catalytic activity toward methane activation 
is not clear at this point. The cubic perovskite structure created 
in CrystalMaker is given in Figure 4a where both Mg and Fe 
are incorporated on the Nb site that should result in oxide ion 
vacancy creation. The doping of Mg2+ and Fe3+ is expected to 
occur at the Nb site as their Shannon ionic radii (0.72 and 0.645 Å,  
respectively) matches better with Nb (Nb4+ – 0.68 Å, Nb5+ – 0.64 Å)  
than Ba2+ (1.35 Å) which also support oxygen vacancy creation. 
X-ray photoelectron spectroscopic (XPS) results obtained for 
BMN and BMNF33 are shown in Figure  4c–f. The incorpora-
tion of Mg on Nb sites in BMN has resulted in oxygen vacancy 
creation as about 50% of the oxygen atoms are partially coordi-
nated that is attributable to neighboring oxygen vacancy. This 
partially coordinated oxygen concentration increased to 74.9% 
in BMNF33 indicating a further rise in oxygen vacancy upon 
Fe doping (Table S1, Supporting Information). Interestingly, 
in BMN, Nb is mainly in 4+ oxidation state with Nb in 5+ oxi-
dation state contributing only 5%. However, upon Fe doping 
Nb5+ contribution has increased sixfold to ≈30%. Ceramic 

materials with highly acidic character tend to be stable in car-
bonate forming environments.[35] For example, the incorpora-
tion of acidic Ti4+ ions in SrCo0.8Fe0.2O3−δ is reported to show 
decreased carbonate formation in pure CO2 environments at 
temperatures up to 950 °C.[36] Thus, the highly acidic Nb4+ may 
be the reason for BMN’s chemical stability.

Importantly, upon Fe2+/3+ incorporation, part of Nb4+ is con-
verted to Nb5+ that could provide further stability enhancement 
in carbonate forming environments. On the other hand, among 
alkaline earth metals, Ba is reported to adsorb methane, CO, 
and CO2 in a wide variety of temperatures.[37,38] BMNF has pre-
viously been reported for CO2 sensing application in the tem-
perature range of 500 to 700 °C.[28] Hence, we believe that the 
barium sites in BMNF would act as adsorption sites for methane 
while adjacent lattice oxygen help remove two hydrogen atoms 
as water as shown in the scheme in Figure  4b. This type of 
surface oxide ions (O−) reacting with methane is well-known 
for metal oxide catalysts.[39] However, a continuous removal of 
surface oxygen and hydrogen from methane will lead to crystal 
structure collapse, loss of activity, and coke formation. How-
ever, we did not observe any change in BMNF crystal structure 

Figure 4.  a) CrystalMaker view of the BMNF perovskite, b) schematic representation of methane adsorption on the Ba site in BMNF and water removal 
using adjacent O atom, XPS data collected for c) O 1s, and d) Nb 3d for the BMN perovskite. e) XPS O1s and f) XPS Nb 3d data collected for BMNF33 
perovskite.
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and no coke formation was observed either ruling out the con-
tinuous removal of oxygen atom from the site. This could occur 
due to the higher Nb5+ concentration that would increase the 
attraction toward the negative oxide ions and resist their con-
tinuous removal. Similarly, Ba-based metal oxides are known to 
form barium carbonate under carbon rich conditions due to the 
higher stability of BaCO3 under these conditions.[40,41] Never-
theless, the BMNF perovskite has remained stable under these 
carbon rich environment and no carbonate or coke formation 
was observed either. The oxygen mobility in this cubic perov-
skite is very limited, which may have helped to preserve the 
crystal structure and the surface oxygen has to be replenished 
with incoming oxide ions (E-OCM) or oxygen molecule (OCM) 
for sustained catalytic activity. This is supported by the fact that 
despite significant oxygen vacancies as evidenced from XPS 
measurements, BMN shows poor conductivity (>1 µS cm−1).  
We believe that the low oxide ion mobility and the higher 
acidity associated with Nb4+/5+ ions have helped reduce both 
coke formation and carbonate formation. The presence of Nb 
is tend to increase stability under SOFC operating conditions 
due to its redox stability.[42–44] Scanning electron microscopy 
(SEM) images obtained for as-prepared and CH4 exposed sam-
ples do not show any morphological change or carbon deposi-
tion in EDS measurements (Figure S13, Supporting Informa-
tion). Another mode of methane activation utilizing oxide ion 
conducting membranes is the non-Faradaic electrochemical 
modification of catalytic activity (NEMCA), which is normally  
associated with Faradaic efficiencies much higher than 100%.[45–47]  
However, we clearly observed ≈20% Faradaic efficiency for eth-
ylene production indicating the absence of NEMCA mechanism 
in our E-OCM measurements. Density functional theory based 
calculations are required for further confirming this proposed 
mechanism which however is beyond the scope of this study. 
The high chemical stability along with methane activation prop-
erties observed for BMNF perovskites open new opportunities 
for fine tuning its catalytic activity through various dopants and 
can also be used as a support for conventional methane activa-
tion catalysts where catalyst-support synergy could help achieve 
better conversion and selectivity toward desired products.

3. Conclusions

We synthesized Mg and Fe codoped barium niobates for 
application in E-OCM. Our chemical stability studies by TGA, 
PXRD, and TPR all revealed that all the three prepared com-
positions possess good chemical stability under conditions 
relevant for E-OCM. The chemical stability could be due to 
the increased acidity of Nb4+/5+ ions in the crystal lattice. TPR 
measurements further revealed the onset of ethylene produc-
tion at ≈600 °C that is significantly lower than well known 
OCM catalysts. E-OCM measurements were operated at much 
higher temperatures in order to get good oxide ion conductivity 
in BMNF. It revealed about four times higher faradaic effi-
ciency towards ethylene production than SFMO electrodes at 
1.0 V indicating this materials unique ability to selectively pro-
duce ethylene even under extremely oxidizing conditions. XPS 
measurements indicate a possible valency reorganization for 
Nb in Fe-doped BMNF compositions that could help improve 

the chemical stability. Our results demonstrating the methane 
activation properties of BMNF along with its unique chemical 
stability under carburizing environments open up new avenues 
for finding a better catalyst for methane activation under dif-
ferent methodologies.

4. Experimental Section
Materials: BMNF was formed from the following precursors: 

BaCO3, C4Mg4O12 ∙ H2MgO2 ∙ 5H2O (magnesium carbonate hydroxide 
pentahydrate), Nb2O5, and Fe2O3. The electrolyte material LSGM, and 
Ce0.8Gd0.2O2 (GDC) were purchased from Millipore Sigma. Gold wire 
used as the leads in the electrochemical cell was purchased from Rio 
Grande Jewelry Supply. Silver mesh current collectors, high temperature 
sealing paste (CAP552), thinner for high temperature sealing paste 
(CAP-552-T), alumina slurry (ALSL), and alumina felt seals were 
purchased from Fuel Cell Materials. Alumina tubes were purchased from 
AdValue Technology.

Material Synthesis: The perovskite anode material, 
BaMg0.33Nb0.67−xFexO3−δ, was produced using solid-state synthesis 
methods.[28] Initially, the metal oxide and metal carbonate 
precursors were weighed in stoichiometric ratios to produce 7 g 
of BaMg0.33Nb0.67−xFexO3−δ with x values of 0.33, 0.25, 0.17, and 
0.00 corresponding to BMNF33, BMNF25, BMNF17, and BMN, 
respectively. The metal oxide precursors were added to a zirconia ball-
milling jar and isopropyl alcohol (IPA) (30 mL) was added (as liquid for 
ball milling). Each jar contained 16 individual 10 mm diameter zirconia 
milling balls and powder was milled for 6 h. After milling, ball-milling 
jars were dried at 120 °C in an oven. The dried powders were calcined 
at 1000 °C using a 12 h hold and 5 °C min−1 heating and cooling rate in 
a three-phase furnace. The calcined powders were further ball milled for 
6 h in IPA followed by drying at 120 °C. Thus, obtained powders were 
pressed into two individual pellets using a 12  mm die. Both uniaxial 
pressing, followed by isostatic pressing were used. The initial uniaxial 
pressing was done at 1000 psi for 3 min followed by isostatic pressing 
done at 240  MPa for 3 min. Each pressed pellet weighed ≈2.0 g. The 
pellets were soaked in excess parent powder in an alumina crucible for 
calcining. The pellets were calcined at 1400 °C for 24 h with a 5 °C min−1 
heating and cooling rate in a Carbolite tube furnace. After this process, 
the pellets were used for further measurements. BMNF powder is 
typically black in color, with lighter shades corresponding to a lower 
iron concentration. The Fe free BMN is yellowish in color. The cathode 
Sr2Fe1.5Mo0.5O6−δ (SFMO) powders were prepared by a microwave-
assisted combustion methods as described in the previous work.[19] 
SFMO was chosen due to its very high electrical conductivity and 
compatibility with LSGM.[33] The LSGM pellets for electrolyte application 
were prepared from commercially obtained LSGM powder. About 1.6 g 
of LSGM powder was pressed uniaxially using a 25 mm die. The pressed 
powder was then pressed in the isostatic press at 240  MPa for 3 min 
followed by sintering at 1175 °C for 12 h using a 3 °C min−1 heating and  
cooling rate.

Physical Characterization: BMNF powders were characterized by 
PXRD, TGA, SEM, and XPS measurements. TGA measurements were 
carried out using TA Q600 SDT instrument in air and in pure methane 
environments with flow rate of 50 mL min−1 in the temperature window 
of 25 to 900 °C at a heating and cooling rate of 5 °C min−1 and held at 
900 °C for 1 h. XPS measurements were performed on a Kratos Ultra 
DLD spectrometer using a monochromatic Al Kα source operating at 
150  W (1486.6  eV). The operating pressure was 5 × 10−9  Torr. Survey 
spectra were acquired at a pass energy of 160  eV and high-resolution 
spectra were acquired at a pass energy of 20 eV. XPS data were processed 
using Casa XPS software. X-ray diffraction measurements were done 
in a PANalytical Xpert Pro instrument using Cu Kα radiation and 
operating at 40 kV and 40 mA on a zero-background holder. SEM-EDX 
measurements carried out on Hitachi S-5200 scanning electron  
microscope.
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Electrochemical Measurements: BMNF (200  mg) was mixed with 
Ce0.8Gd0.2O2 (GDC) (100 mg), terpineol (630 mg), and cellulose (70 mg) 
to produce 1 g of BMNF ink. This mixture was probe sonicated using a 
Tekmar probe sonicator for 6 min in 30 s intervals (on/off). The SFMO 
cathode was made using SFMO (200  mg) and GDC (100  mg) with 
terpineol (630  mg) as a dispersant and cellulose (70  mg) added for 
induced porosity. The resultant mixture was ultrasonically mixed before 
electrode painting. The BMNF anode was brush-coated onto the LSGM 
electrolyte in a 1 × 1 cm2 electrode area. Three layers of material were 
coated onto the electrolyte, with a heat gun used to dry each subsequent 
layer. The SFMO cathode was brush-coated with the same specifications. 
This cell was placed into a 3-phase furnace and heat-treated at 1175 °C 
for 12 h in air at a 3 °C min−1 heating rate. After heat treatment, silver 
mesh current collectors were applied to both the anode and cathode of 
this cell. Each silver mesh current collector was interwoven with the gold 
leads and is attached to the respective electrode using silver paste. After 
the silver paste dries (for at least 20 min), the cell was placed on the 
alumina tube setup using the high-temperature sealing paste mixed with 
thinner, along with an alumina felt seal to make a leak-free attachment 
of the cell to the alumina tubing. The cell was left in the open-air 
environment for 4 or more hours (to allow for the paste to dry) and 
placed in the cell-testing furnace. Here, the cell undergoes in situ heat 
treatment at 95 and 260 °C for 2 h each, followed by sintering at 550 °C 
for 1 h. The cell was then heated to 800 °C after which a 100 SCCM of 4% 
H2 balanced in N2 was introduced anode-side and 100 SCCM of UHP O2 
was introduced to the cathode side. After 1 h under 4% H2, 100 SCCM 
UHP CH4 was introduced to the anode side for electrochemical oxidative 
coupling of methane experiments. The outlet of the EC-OCM set up was 
continuously fed into a Cirrus mass spectrometer for regular monitoring 
and periodically analyzed by an SRI 8610C Gas chromatography 
instrument. A schematic representation of the electrochemical setup 
is given in Figure S14 of the Supporting Information. Electrochemical 
experiments were carried out using a Gamry reference 600 instrument.

Statistical Analysis: Conductivity values from impedance 
measurements were represented as the average values with upper and 
lower limit data given in the error bar.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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